(cephalosporinase) from P. aeruginosa than its aminothiazolyl counterpart. No differences between the affinities of both compounds for the most of the sensitive essential PBPs were observed. Hydrophilicity of cefclidin was higher than that of its counterpart. The antipseudomonal activity of cefclidin, which was increased by the introduction of the aminothiadiazolyl group, was suggested to have resulted mainly from higher resistance to cephalosporinase hydrolysis at pharmacologically relevant low concentrations due to its low affinity for cephalosporinase, and secondarily from good penetration of cefclidin through the outer membranedue to increased hydrophilicity.
Most cephalosporins possessing an a-oxyimino-aminothiazolyl group in the 7/?-side chain have broad antibacterial spectra being extended to Gram-negative bacteria, such as cefotaxime1*, ceftizoxime2), and cefmenoxime3). This heterocyclic group confers on cephalosporins a high affinity for penicillin-binding proteins (PBPs) and a high level of /Mactamase resistance, resulting in increased activity against
Gram-negative bacteria except for Pseudomonas aeruginosa, as exhibited by cefotiam4) and cefuroxime5).
In addition, the presence of an aminothiazole side chain, as in ceftizoxime and cefotaxime, appears to improve the permeability of cefuroxime through the outer membrane6).
Cefclidin (E l 040), a new cephalosporin, showed higher activity against P. aeruginosa than ceftazidime7). This high activity against P. aeruginosa seemed to be associated with the introduction of an aminothiadiazolyl group in place of the aminothiazolyl group in the 7/?-side chain of cefclidin8). Recently, other cephalosporins, FK5189), SCE-27871O), and E107711}, which possess an aminothiadiazolyl group, were also reported to show high activity against P. aeruginosa. However, the role of the aminothiadiazolyl group in the activity of cephalosporins against P. aeruginosa is unknown. In this study, we compared the antibacterial activity, the hydrolysis rate by cephalosporinase, and the affinity for penicillin-binding proteins ofcefclidin with those of its aminothiazolyl counterpart ( Fig. 1 ) in order to clarify the roles of this functional group. Fig. 1 . Chemical structures of cefclidin and its aminothiazolyl counterpart (compound 1). VOL.45 NO.9 Bacterial Strains THE JOURNAL OF ANTIBIOTICS
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Bacterial strains used in this study were recent clinical isolates of P. aeruginosa from various hospitals in Japan. The susceptibility breakpoint for ceftazidime was <6.25/jg/ml. Strain E03441 SKR2 of P. aeruginosa was a mutant selected for ceftazidime resistance in vitro from a clinical isolate E03441 WT, and constitutively produced high levels of cephalosporinase12). A laboratory strain of Escherichia coli was also used.
Antibiotics and Media
Cefclidin and its aminothiazolyl counterpart, compound1, were synthesized at Tsukuba Research Laboratories of Eisai Co., Ltd. Ceftazidime and cephalothin were obtained commercially from Nippon Glaxo Co., Tokyo, Japan, and Shionogi Pharmaceutical Co., Osaka, Japan, respectively. Mueller-Hinton broth and agar (BBL Microbiology Systems, Cockeysville, Md, U.S.A.) were used for all experiments. MICswere determined by an agar dilution method. Approximately 5 x 104cfu per spot were inoculated onto agar plates that contained two-fold serial dilutions of antibiotics. The MICwas considered to be the lowest concentration of antibiotic that completely inhibited visible growth after incubation for 18 hours at37°C7).
Cephalosporinase Activity
Cephalosporinase activity was measuredwith a Hitachi 220A spectrophotometer by a spectrophotometric method13). The reaction mixture consisted of 3ml of a substrate in 50mMphosphate buffer (pH 7.0) and 50 fd of enzyme solution. Enzyme activity of crude cell extracts was determined with 100 /iM cephalothin as the substrate. One unit (u) represented 1 fimol of cephalothin hydrolyzed per minute. The enzyme reaction was carried out at 30°C. The Kmand Ki values were calculated from Lineweaver-Burk and Dixon plots, respectively. For the determination of the Kmand Ki values, partially purified enzyme was used. Cephalosporinase from P. aeguginosa E03441 SKR2was prepared by sonication, CM-Sephadex C-50 ion-exchange chromatography, and Sephadex G-100 gel filtration as described previously14). The spectral parameters used in this study were as follows: Cefclidin, 264.5 nm, As = 8.64 mM"* cm" *; compound 1, 264nm, Afi=7.43mM~1cm~1; ceftazidime, 260nm, A£=9.59mM~1cm~1; cephalothin, 262nm, A£=7.66mM~1 cm" 1. The protein concentration was determined by the method of Lowry et al.15 ) with bovineserumalbuminas the standard.
Cephalosporinase Induction An overnight culture of the test strain was diluted 20-fold into fresh Mueller-Hinton broth and incubated with shaking at 37°C. After 3 hours of incubation, inducers, cefclidin, compound 1, or ceftazidime, were added. Incubation was continued for 2 hours, and the cells were harvested and washed twice with 50 mMphosphate buffer (pH 7.0). The cells were suspended in the same buffer and disrupted with a model 350 Sonifier (Branson Sonic Power Co., Banbury, Conn., U.S.A.) in an ice-water bath. Cell debris and unbroken cells were removed by centrifugation, and the resulting supernatant fluid was used as crude enzyme. Cephalosporinase activity of the crude extracts was determined as described above.
Isoelectric focusing of the supernatants from centrifuged cell sonic extracts was performed on an Ampholine PAG plate (Pharmacia; pH range, 3.5~9.5) at 10°C. Samples (10fig in 2/zl) were loaded and run at 30 Watt for 1.5 hours. /?-Lactamase activity was visualized by overlaying the gel with 1.5% agar containing 25 mMphosphate buffer (pH 7.0) and 50fig of nitrocefin per ml.
Affinity for PBPs
The affinities of cefclidin and compound1 for PBPswere determined by the conventional competition assay with [14C]benzylpenicillin (AmershamJapan, Tokyo, Japan). The competition assay was carried out as described by Noguchi et al.16) . Membraneswere prepared by differential centrifugation of the sonic extracts, resuspended in 50mMphosphate buffer (pH 7.0) containing 10mMMgCl2, and stored at -80°C until used in PBP binding experiments. Membrane proteins (300 fig in 30 fil) were incubated with various concentrations of antibiotics (3 ul) for 10 minutes at 30°C.
[14C]benzylpenicillin (0. 1 5 aCi in 3 ul) was added, SEPT. 1992 and incubation was continued for an additional 10 minutes. Excess unlabeled benzylpenicillin was added to stop the reaction, and the membraneswere solubilized in 1 %sodium lauroyl sarcosinate. Sarcosinate-soluble fractions were subjected to 0.1 % sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis. For fluorograpy, gels were incubated for 1 hour in En3Hance (Daiichi Pure Chemicals Co., Tokyo, Japan), soaked in water, dried, and exposed to X-ray film at -80°C for about 1 month. PBPfluorography was quantitated with a model CS-9000 flying-spot scanner (Shimadzu, Kyoto, Japan) to generate areas under the peaks corresponding to the various PBPs at each antibiotic concentration. The binding affinities of antibiotics for each PBPwere expressed in terms of the concentration required to reduce [14C]benzylpenicillin binding by 50%.
High Performance Liquid Chromatography (HPLC)
The hydrophilicities of/Mactams were compared as the retention time on HPLC.HPLCwas performed at a flow rate of 1 ml/minute with a system LC-6A(Shimadzu) apparatus. Chromatography analyses were carried out on a reverse-phase Inertsil ODS-2 analytical column (4.6 x 150mm; GL Sciences Co., Tokyo, Japan). The mobile phase consisted ofH2O, CH3OH, and CH3COONH4 (900(v) : 100(v) : l(w)).^-Lactams were detected at 254 nm with a model SPD-6A UVdetector (Shimadzu).
Results
Antipseudomonal Activity of Cefclidin and Compound 1
The MIC50and MIC90values of cefclidin for ceftazidime-susceptible strains of P. aeruginosa were 0.78 and 1.56/xg/ml, respectively. This activity was four times higher than those of its aminothiazolyl counterpart (compound 1) and ceftazidime. Although the activity of cefclidin against ceftazidime-resistant strains was four-fold lower than against ceftazidime-susceptible strains, cefclidin showed 4-fold and 1 6-fold ceftazidime-susceptible strains produced very low levels ofcephalosporinase (less than 0.01 u/mg of protein).
Of these strains, strain E03441 WTwas chosen as the representative ceftazidime-susceptible strain.
The susceptibility of E03441 WTand its cephalosporinase-derepressed mutant E03441 SKR2to /Mactam antibiotics and levels of cephalosporinase produced by each strain are shown in Table 2 . Nodifferences between the outer membraneprofiles of both strains were observed (data not shown). Strain E03441 WTproduced a very low level of cephalosporinase scarcely detectable in the absence of inducer (0. 10 jjg/ml imipenem). Imipenem was a potent inducer, increasing the enzyme activity about 200 times. This level was comparable to that of the derepressed mutant E03441 SKR2in the uninduced state. The strain E03441 SKR2had only a two-fold increase in enzyme activity when induced by imipenem, suggesting that the high levels ofcephalosporinase in E03441 SKR2were constitutively produced. The higher cephalosporinase levels were accompanied by 16-to 32-fold increases in the ceftazidime MICsand by 8-to 16-fold increases in the compound1 MICs. Cefclidin MICsincreased four-fold for strains with higher cephalosporinase levels. Against E. coli NIHJ JC-2, the activity of cefclidin was comparable to that of compound 1.
Interaction of Cefclidin and Compound1 with Cephalosporinase
Cefclidin, compound 1, and ceftazidime showed little enhancement of the enzyme activity of E03441 WTat 1 jug/ml, whereas induction by compound 1 at > 10/zg/ml was as high as that by cefclidin and ceftazidime. Thus, no significant differences in the ability to induce enzyme activity was observed between cefclidin, compound 1, and ceftazidime (Table 3) . Isoelectric focusing of the supernatants from cell sonic extracts of strains E03441 WTand E03441 SKR2 in the induced or uninduced state yielded a main Tabie 3. induction of^-lactamase in strain E03441 WT nitrocefin-positive band with a pi of 8.8. bY 0-lactams.
Hydrolysis rates of cefclidin, compound 1, and ceftazidime by cephalosporinase from strain E03441 SKR2decreased significantly as substrate concentrations decreased. Cefclidin and compound 1 were hydrolyzed more rapidly than ceftazidime at 1 00 /xm, which is the concentration commonlyused in testing susceptibility to /Mactamase. Calculated from Michaelis-Menten equation13) for a substrate concentration of 2 um. and was 22 times that of ceftazidime. Furthermore, The Kmvalue of cefclidin was about 5 times and 110 times greater than those of compound 1 and ceftazidime, respectively. The Ki value of cefclidin was nearly one order of magnitude and at least two orders of magnitude greater than those of compound 1 and ceftazidime, respectively (Table 4) . For comparison of the hydrolysis rates of these three cephalosporins at the cellular level, that is at a concentration near the MIC, the rates for 2/xm substrate (corresponding to about l jug/ml) were estimated from the Michaelis-Menten equation17) using Vmaxand Kmvalues. At 2/im, the hydrolysis rate ofcefclidin, which was about three-to four-fold lower than those of compound 1 and ceftazidime, was about 0.2% of Vmax,whereas the rates of compound1 and ceftazidime were about 1% and 19% of the corresponding Vmaxs, respectively. Affinity tor FBFs Affinities of cefclidin and compound 1 for PBPs of strain E03441 WTwere estimated by measuring the competition of both compounds with [14C]benzylpenicillin for binding to PBPs. The results of these competition experiments are shown in Fig. 2 . The results indicate that, qualitatively, compound1 binds to PBP 3 as well as cefclidin, and that binding to PBP 3 is evident.
Densitometry was used to quantify the binding affinities of these two cephalosporins for the individual PBPs. Both cephalosporins exhibited poor binding to PBPs IB, 2, and 5 (I5O> 50/ig/ml), and high binding to PBP 3, for which I5Os of cefclidin and compound 1 were virtually identical. However, for PBPs 1A and 4, compound 1 showed a four-fold lower I50 value than cefclidin.
Hydrophilicity of Cefclidin and Compound 1 Hydrophilicity of cephalosporins was qualitatively estimated by measuring their retention times on a reverse-phase HPLCcolumn. Retention times of cefclidin, compound 1, and ceftazidime were 3.8, 5.0, and 5.9 minutes, respectively. This result indicates that the hydrophilicity of cefclidin is higher than those of comnound1 and ceftazidime. cephalosporinase, but increased maximal hydrolysis rate by cephalosporinase; (ii) high affinity for PBP 3 in spite of decreased affinity for PBPs 1A and 4; (iii) increased hydrophilicity. In general, three factors determine the efficacy of /Mactams against Gram-negative bacteria; outer membranepermeability, resistance to periplasmic /Mactamase, and affinity for the target PBPs. P. aeruginosa is intrinsically resistant to most /Mactams, and this has been considered to be largely due to the poor permeability of the outer membrane.The outer membranepermeability of P. aeruginosa for /Mactams is at least two orders of magnitude lower than that of E. coli6). Firstly, therefore, it is assumed that the improved antipseudomonal activity of cefclidin may be the result of permeability through the outer membrane, owing to its increased hydrophilicity. Although the pathway of cephalosporins in P. aeruginosa is still disputed18'19), the dipolar ionic /Mactams such as cefclidin and compound 1 penetrate through porin channels in E. coli muchmore rapidly than /Mactams with a net negative charge such as ceftazidime20). However, the permeation of the former group is much less affected by the hydrophobicity of the solutes than that of the latter group, and the permeability of porin channels in P. aeruginosa is much less affected by hydrophobicity than that in E. coli6). If so, significant differences between the penetration rate of cefclidin and that of compound 1 in P. aeruginosa are not likely, since both cephalosporins possess the same electrical charge and almost the same molecular weight (550.6 and 549.6, respectively). The second important factor in antipseudomonal activity is the interaction of /Mactams with /Mactamase. P. aeruginosa produces chromosomalinducible or derepressed cephalosporinase. By the introduction of the aminothiadiazolyl group, the Vmaxvalue of cefclidin was increased to about two times that of compound1, and the Kmvalue of cefclidin was increased to about three times that of compound1, indicating that cefclidin was hydrolyzed about three times more slowly than was its aminothiazolyl counterpart by P. aeruginosa enzymewhen the hydrolysis rates at a substrate concentration of 2 fiM were calculated on the basis of kinetic data. Although it was presumed that the affinity ofcefclidin for PBPs may be reduced since PBPs possess similar active sites to /Mactamases, cefclidin had the same affinity level for PBP 3, one of the essential PBPs, as compound 1, but the affinity of cefclidin for PBPs 1A and 4 was reduced. Therefore, cefclidin had as high an affinity for the most sensitive of the essential PBPsas compound 1. In conclusion, the aminothiadiazolyl group in the 7/?-side chain appears to confer antipseudomonal activity on cefclidin, resulting mainly from the reduced affinity for the chromosomal cephalosporinase coupled with high resistance to enzymatic hydrolysis. Moreover, the effect of the aminothiadiazolyl group is more evident against the cephalosporinase-overproducing strain than against the inducible strain. In contrast, against E. coli which constitutively produces only a very low level of cephalosporinase and has higher permeability of the outer membranefor newer /Mactams than P. aeruginosa, the aminothiadiazolyl group had little effect on activity. In addition, good penetrability of cefclidin may participate in part in its good antipseudomonal activity since the hydrophilicity of cefclidin is higher than those of compound 1 and ceftazidime.
